Objectives To determine associations between body mass index and sleep on blood pressure in a 5-year period from childhood to adolescence.
Conclusions
E levated blood pressure (BP) in childhood is known to be a risk factor for hypertension and cardiac disease in adulthood, but few longitudinal data exist to explicate the causal onset of elevated BP in children. 1 Modifiable factors known to contribute to the development of elevated BP in childhood include dietary habits, obesity, and sedentary lifestyle, but little is known about the contribution of sleep patterns to the development of BP elevation in adolescent children.
In adults, several cross-sectional and prospective population-based cohort studies have linked sleep-disordered breathing (SDB) with elevated BP and cardiovascular disease. 2, 3 Although obesity is a known risk factor for hypertension in adults, most, but not all, of these studies indicate that SDB also is an independent risk factor for the development of hypertension. 2 Whether SDB is a risk factor for the development of elevated BP in children is less clear. Several studies have demonstrated a link in the two conditions; however, to date, most of these studies have been performed in clinical populations, and all have been cross-sectional. Furthermore, although reduced sleep duration has been linked to development of cardiovascular disease in adults, 4 the effects of a reduction in sleep duration on heart health in children are not known. The Tucson Children's Assessment of Sleep Apnea Study (TuCASA) is a longitudinal cohort study in which preadolescent children ages 6 to 11 years initially underwent in-home polysomnography and anthropometric and BP assessments, with follow-up measurements repeated approximately 5 years later. Analyses of these data provide the opportunity to understand the relationships among sleep patterns, SDB, BP, and obesity in a general population cohort of children. We hypothesize that SDB, reduced sleep duration, and obesity are independent risk factors for elevations in BP in children.
Methods
Details of the TuCASA study design have been published previously. 5, 6 In brief, Hispanic and Caucasian children 6 to 11 years old were recruited to undergo unattended home polysomnography and to have a neurocognitive assessment performed. Subjects were recruited through the Tucson Unified School District, which has a large elementary school population. Parents were asked to complete a short screening questionnaire and to provide their contact information when they were willing to allow The methods for obtaining data have been previously described. 6 In brief, for both the initial and follow-up assessments, a two-person team arrived at the home approximately 1 hour before the child's normal bedtime. Before performing any study procedures, parents gave informed consent, and the child gave assent to the study with languageappropriate institutional review board forms. Each child's height, weight, neck circumference, and BP were measured. Parents were asked to complete a comprehensive Sleep Habits Questionnaire that inquired about their children's sleep history and sleep characteristics.
After a few minutes of rest while seated, the child's BP was measured in triplicate from the right arm with a portable mercury sphygmomanometer and standardized techniques. The appropriate BP cuff was selected according to the measured arm size (upper arm circumferences of 16-22 cm for children and 23-30 cm for regular-sized adults). The initial cuff inflation pressure was determined by adding 30 mm Hg to the palpated systolic blood pressure (SBP). Cuff deflation was at 2 mm/second. At least 30 seconds elapsed between each of the 3 successive measurements. The mean of the final two of 3 BP measurements was used for the analyses for this report. We defined hypertension as BP $95th percentile for age, height, and sex, a SBP level >120 mm Hg, or a diastolic blood pressure (DBP) value >80 mm Hg.
Height and weight were collected on a platform scale. Body mass index (BMI) was calculated according to a standardized equation from the Centers for Disease Control, and percentile of BMI adjusted for age, sex, and ethnicity was calculated with a standardized data-analysis program (http://www.cdc. gov/nccdphp/dnpao/growthcharts/resources/sas.htm). Obesity was considered to be.
A single, unattended overnight polysomnogram was obtained with the Compumedics PS-2 system (Abbotsford, Victoria, Australia). These signals were acquired as part of the TuCASA montage: C3/A2, C4/A1 electroencephalogram, right and left electrooculogram, a bipolar submental electromyogram, thoracic and abdominal displacement (inductive plethysmography), airflow (nasal/oral thermistor), nasal pressure cannula, finger pulse oximetry, electrocardiogram (single bipolar lead), snoring microphone, body position (Hg gauge sensor), and ambient light (sensor attached to the vest to record on/off). The sleep architecture variables considered in this study include respiratory disturbance index (RDI), stage N1, stage N2, stage N3 (combined Rechtschaffen and Kales stages 3 and 4), rapid eye movement stage, sleep efficiency, and total sleep time (TST).
Scoring of sleep was performed by a single registered polysomnographic technologist with Rechtschaffen and Kales criteria. Arousals were identified by using criteria published by the American Academy of Sleep Medicine. Apneas were scored when the amplitude (peak to trough) of the airflow signal with the thermistor decreased below at least 25% of the amplitude of baseline breathing (identified during a period of regular breathing with stable oxygen levels), when this change lasted >6 seconds or two breathing cycles. Hypopneas were designated when the amplitude of any respiratory signal decreased below (approximately) 70% of the amplitude of baseline and when the thermistor signal did not meet the criterion for apnea. Central events were marked when no displacement was noted on both the chest and abdominal inductance channels. However, central events that occurred after movement were not included. Otherwise, events were scored as obstructive. After full scoring, analysis software was used to link each event to data from the oxygen saturation and electroencephalogram channels. The RDI was defined as the number of respiratory events (apneas and hypopneas) per hour of the TST. For this analysis, a 3% oxygen desaturation was required for an event to be counted in the total RDI. We considered a child to have SDB when their RDI was greater than or equal to one event per hour of TST. Use of this definition is supported by earlier evidence that a RDI of one, on the basis of events with a 3% oxygen desaturation, is clinically significant. Data Analysis Student paired t test and the two-sample test of proportion were conducted to compare differences in characteristics from study baseline to study follow-up. Characteristics of interest include ethnicity, sex, age, BMI percentile, BP, and sleep architecture. BP was classified as SBP and DBP and was also used as a dichotomous variable to indicate the hypertensive state of the study subject. A random effects model was then used to investigate which characteristics were associated with a steeper increase or decrease of BP with time. The random effects model accounts for the correlation of repeated measures taken on the same subject with time. It also allows for subject-specific intercepts and slopes measured for each individual subject. Models for SBP and DBP were calculated separately. Independent variables included in the models were SDB, obesity, and TST. The variables sex and ethnicity were included in the fully adjusted model, and both models were adjusted for age.
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Results
The sample consisted of 334 children, 163 (48.8%) of whom were female, and 35.6% of whom were Hispanic. The average age was 9.0 AE 1.6 years at baseline and 13.7 AE 1.8 years at follow-up. Average SBP and DBP increased significantly from baseline to follow-up. At baseline, 15.0% of the sample was considered obese, which increased to 19.5% at follow-up. In comparison with Caucasian subjects, the prevalence of obesity was higher in Hispanic subjects at both baseline and follow-up (11.2% versus 21.9%, P = .009 and 13.6% versus 29.4%, P < .001, respectively). Hypertension was found in 12 of 334 children (3.6%) at baseline and increased to 14 children (4.2%) 5 years later (P = not significant; Table I ).
From year 1 to year 5, the percent time spent in stages N3 and sleep efficiency declined, and the percent time spent in rapid eye movement sleep increased (all P < .01). The average RDI at baseline for the sample was 1.05 and decreased significantly to 0.59 by year 5 ( Table II) .
Incident and prevalent hypertension at 5-year follow-up were not related to changes in sleep architecture, changes in SDB, or obesity (data not shown). However, when adjusted for age, random effects modeling of the independent effects of SDB, obesity, and TST on SBP and DBP levels showed that SBP levels at 5-year follow-up were positively associated with an increase in SDB and obesity and a decrease of TST. Furthermore, there was a significant association between the presence of SDB and obesity on DBP levels (model 1, Table III ). When adjusted for age, ethnicity, and sex, obesity was positively associated with an increase in SBP, as was decreased TST. Within the fully adjusted model, ethnicity and sex had no significant effect on either SBP or DBP levels, and the presence of SDB became non-significant in its effect on SBP and DBP, although a trend remained for an effect of SDB on SBP (model 2, Table III ).
Discussion
In our cohort of 334 children observed for a period of 5 years from childhood to adolescence, we found a small, but nonsignificant increase in the prevalence of hypertension from 3.6% to 4.2%. However, the prevalence of obesity increased from 15% of the sample in childhood to 19% of the sample at adolescence. Most important, in the 5-year follow-up period, increases in BMI and reductions in TST were associated with higher levels of BP in adolescents, with a trend for an effect from SDB. These are important findings because not all obese children have SDB, but obese children who decrease their TST as they age may be more likely to experience increases in SBP and DBP, which could potentially lead to the development of frank hypertension in adulthood.
Our study found the prevalence of obesity increased from childhood to adolescence and that increases in BMI were associated with higher levels of both SBP and DBP. Obesity is well known to be associated with hypertension in adults and in children, and the findings of this study are not surprising from that perspective. [8] [9] [10] [11] [12] However, there are few earlier longitudinal studies that have demonstrated this relationship. Because general endothelial dysfunction begins early in life in obese children, 13 our data add to the accumulating evidence that obese children should undergo routine BP screenings throughout childhood development and also be made the focus of intensive lifestyle modification programs to reduce susceptibility to hypertension and other morbidity in adulthood.
Although the prevalence of obesity was greater in Hispanic subjects in our study, Hispanic ethnicity did not appear to be a significant factor in the elevation of SBP or DBP levels from childhood to adolescence. However, earlier cross-sectional studies do illustrate clear ethnic differences, with Hispanic and African American youth at greater risk for the development of obesity and hypertension.
14 McCarthy et al 14 found that increased BMI was associated with increases in SBP and DBP in a sample of Mexican adolescents.
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Although cross-sectional data exist to suggest a link between poor sleep quality and prehypertension in childhood and adolescence, 16, 17 Bayer et al reported that BP increases were not affected by TST in adolescents. 18 However, results from this longitudinal study suggest that the relationship between TST and elevations in BP may indeed be present, but at a more insidious level, by which decreased sleep time in a 5-year period elevates SBP but not DBP in the presence of an increasing BMI. This is consistent with observations indicating that decreased TST is associated with increase in BP and the presence of obesity in adults aged 40 to 55 years. [19] [20] [21] [22] As a society, TST is less than optimal for all age groups, but particularly so for children and adolescents. The recommended period for sleep in childhood is approximately 9.5 to 10 hours, 5, 23 and children in this sample experienced approximately 8 hours, decreasing to 7 hours of total sleep in a 5-year period. This shorter period of total sleep was a significant contribution to elevated SBP at 5-year follow-up in our study. Thus, our data reinforce the concept that more attention must be paid to the negative physiological effects of less than optimal sleep periods during childhood. Specifically, more information is needed about the physiologic impact of early school start times and late night use of electronic media, both of which negatively affect sleep duration.
In our analyses, there was no significant relationship between the development of hypertension and either prevalent or incident SDB. Earlier studies, including a cross-sectional analysis of the TuCASA cohort during childhood, have observed an association between SDB and hypertension. However, in our cohort, the overall prevalence of SDB was low, and mean RDI in the cohort decreased in the 5-year followup period. It is likely that a cohort with greater numbers of children with SDB and hypertension would be needed to better define this relationship. However, our observation of a trend for increasing RDI to be associated with higher SBP in adolescents suggests that SDB may yet prove to be an independent risk factor for incident hypertension in adolescents.
Limitations of this study include the lack of racial and ethnic groups other than Hispanic and Caucasian and the loss of cohort members in the 5-year follow-up period, thus reducing the power to potentially detect the effect of BMI, sleep patterns, and SDB on BP levels and frank hypertension. In addition, we measured BP at only two points. It is possible that BP was artifactually elevated in some children because of the novelty, apprehension of having the procedure performed, or both. However, such effects would be random for the entire cohort and unlikely to produce a systematic error. Another potential limitation is the use of PSG measured TST, with the attendant potential for "first night effect" and underestimation of sleep. However, most children slept quite well during their PSGs, and any "first night effect" would be random across the cohort. However, these limitations are counterbalanced by the ability to perform longitudinal analyses and objective measures of sleep architecture and sleep duration.
In conclusion, this study found that increases in BP from childhood to adolescence were related to increasing BMI and reduction in sleep. A trend for an effect of SDB on increased BP also was noted. These findings suggest mechanistic links explaining associations between childhood obesity and higher adult cardiovascular mortality and premature death. 
